Dogs were anaesthetised with a standardised protocol. The proportion of dogs with invasively measured MAP <60 mmHg for ≥10 min was recorded. The area under the MAP*time curve (MAP-AUC) was calculated for a standard perioperative period. The association of explanatory variables, including sex, age, body mass and indices of hydration (urine specific gravity (USG), packed cell volume and total solids) measured prior to surgery, with the MAP-AUC was explored using regression analysis in the first cohort (n = 71) and externally validated in the second cohort (n = 24).
The first aim of our study was to document the proportion of young dogs developing hypotension (MAP < 60 mmHg) in two cohorts of ASA I dogs undergoing elective desexing. Our second aim was to explore the association between easily identified subject factors, including signalment (sex, age, body mass) and hydration status (assessed using packed cell volume (PCV), total solids (TS) and urine specific gravity (USG)) and perioperative MAP in the dogs during a surgical plane of anaesthesia.
We hypothesised that the proportion of dogs developing hypotension would be at least 0.40. We also hypothesised that when young dogs were maintained at an appropriate depth of anaesthesia for desexing, age would be positively associated with perioperative MAP and the indices of hydration (PCV, TS, USG) would be negatively associated with MAP.
Materials and methods
This study was approved by the Murdoch University Animal Ethics Committee (R2396/11). All dogs included in this study were classified as ASA I based on clinical examination and preoperative blood tests. Dogs were excluded if the standard anaesthetic protocol could not be used because their temperament prohibited blood sample collection without extra restraint or the use of the standard anaesthetic protocol, or their body condition score (>6/9) prevented accurate determination of lean body weight for calculation of drug doses.
The dogs in cohort 1 were admitted to hospital the day before surgery and their sex, age and body mass were recorded. Clinical examination and collection of urine and blood samples were performed on admission (day 1) and repeated prior to premedication on the day of surgery (day 2). The dogs from cohort 2 were admitted on the day of surgery and their sex, age and body mass were recorded.
Clinical examination and collection of blood and urine samples were performed prior to premedication on the same day.
Urine was collected by free catch. If the dog did not urinate on the day of surgery (day 2 for cohort 1), a sample was collected immediately following induction of anaesthesia by manually expressing the urinary bladder. USG was determined using refractometry.
Blood for PCV and TS determination was collected from the jugular vein, placed directly into heparinised microcapillary tubes and measured using a microhaematocrit reader (Clements Medical Equipment, NSW, Aust) and refractometry, respectively.
Anaesthesia was performed in all dogs using a standardised protocol. All dogs were fasted overnight and water was provided until premedication, which comprised 0.03 mg/kg of acepromazine (ACP2, Ceva Animal Health, NSW, Australia) and 0.3 mg/kg of morphine (DBL® Morphine Sulfate Injection, Hospira, VIC, Australia) administered IM 30 min prior to induction of anaesthesia.
Anaesthesia was induced with 4-6 mg/kg of propofol IV (Fresofol 1%, Fresenius Kabi, NSW, Australia) titrated until sufficient depth of anaesthesia allowed intubation of the trachea without a response. Anaesthesia was maintained with isoflurane (Veterinary Companies of Australia, NSW, Australia) delivered in up to 100% oxygen using a non-rebreathing system for animals less than 10 kg body weight and a rebreathing (Bain) system for animals weighing more than 10 kg. Hartmann's solution (Baxter Compound Sodium Lactate, Baxter Healthcare Corporation, IL, USA) was administered at 10 mL/kg/h IV and active warming was performed using warm air blowers. Heart rate, respiratory rate, oxygen saturation, end-tidal carbon dioxide tension, body temperature (oesophageal probe) and invasive blood pressure were monitored using the Surgivet V9203 multivariable monitor (PolymountGCX® Corporation, CA, USA). Depth of anaesthesia was monitored clinically. Appropriate depth of anaesthesia was considered present during surgery if eye position was ventral, the palpebral reflex was absent and muscle tone was relaxed. [11] Isoflurane vaporiser settings were adjusted to the minimum that could achieve these clinical signs. In addition, vaporiser settings were decreased incrementally as required to maintain the respiratory rate at >10
breaths/min and/or end-tidal carbon dioxide tension <60 mmHg and heart rate >60 beats/min) in all dogs. All dogs that remained hypotensive (MAP < 60 mmHg) despite decreasing the administered dose of isoflurane, received a maximum of three increments of 10 mL/kg of Hartmann's solution administered over 10-15 min until MAP was >60 mmHg. No other treatment was provided. The vaporiser setting required to produce an appropriate depth of anaesthesia in each dog was recorded.
Arterial blood pressure was measured using a 20-22g metatarsal arterial catheter connected via fluidfilled extension tubing to a transducer (DTXPlus™, Becton Dickinson Critical Care Systems, Singapore) that interfaced with the multivariable monitor. Prior to the start of anaesthesia, the transducer was checked for linearity using a water manometer. The transducer was positioned at the thoracic inlet, the approximate position of the heart base in dorsal recumbency, and zeroed to atmospheric pressure. A rapid flush test was performed before the start of measurement to subjectively assess the level of damping of the measurement system, and invasive measurement of blood pressure was started after the dog was moved into the operating room. Blood pressure calculated from the average of 10 consecutive measurements was recorded every 5 min. At the end of anaesthesia, the transducer was reopened to the atmosphere to confirm absence of baseline drift during the study.
Statistical analysis
Hypotension was considered present if MAP was <60 mmHg for ≥10 min despite decreasing the vaporiser setting or increasing surgical stimulation. The proportion of dogs classified as hypotensive was the criterion of interest and the point estimate and 95% confidence interval (CI) was calculated using methods for proportions (statistical software: SAS v9.3, SAS Institute, NC, USA). For each dog, the time at which hypotension was first recorded relative to the start of surgery was identified and the mean and 95% CI were determined.
The mean (95% CI) percent isoflurane vaporiser setting was calculated from the observation time points during the standardised perioperative period common to males and females (10 min before start of surgery to 40 min after start of surgery for cohort 1; 5 min before start of surgery to 30 min after start of surgery for cohort 2). The proportion of animals using a rebreathing (circle) breathing system or non-rebreathing breathing system was also determined.
All continuous data (age, body mass, PCV, TS, USG, anaesthesia duration, surgery duration) were tested for normality using D'agostino and Pearson omnibus normality test (GraphPad Prism 5, CA, USA). All continuous variables except age and body mass were normally distributed and the mean and 95% CI were calculated. Age and body mass were each summarised as median and interquartile interval. For the purpose of analysis, USG was modified as (USG − 1) × 1000; therefore, USG of 1.040 would be 40. For cohort 1, the mean USG, PCV and TS were compared across days 1 and 2 using a paired t-test with significance determined at P ≤ 0.05 (GraphPad Prism 5). Categorical variables (sex) were described as proportions with 95% CI.
To investigate subject factors that influenced MAP during anaesthesia, the area under the MAP versus time curve (MAP-AUC-10-40 and MAP-AUC-5-30 for cohorts 1 and 2, respectively) during the standardised perioperative period common to males and females (see above) was calculated using the trapezoidal method (GraphPad Prism 5).
For cohort 1, the association of explanatory variables including sex, age, body mass, USG (day 2), PCV (day 2) and TS (day 2) with the MAP-AUC-10-40 was explored using multiple regression. If data for day 2 were missing, the USG, PCV and TS values for day 1 were used by default. Regression analysis was performed with backward selection. All variables were entered into the model and retained with a level of significance P < 0.15. Inclusion was set at P < 0.15 to avoid premature exclusion of possible associations between explanatory variables and outcome. This reduced our chance of prematurely dismissing an explanatory factor from cohort 1 that may be important and preclude further testing in cohort 2.
The model of best fit was based on the Mallow's C(p) criterion and the coefficient of determination (R2), including variables that created the smallest C(p) closest to the number of variables in the model (p), and the largest coefficient of determination (R2). For variables with significant association with MAP-AUC, the estimated regression coefficient was reported. For a model with a single explanatory variable, the correlation coefficient (r) was reported.
The model was then externally validated against the second similar but unique cohort. The intent of this study was not to develop a predictive model from cohort 1, but rather to detect associations between subject factors and MAP, and then verify that similar findings could be repeated in a second, similar, but unique, cohort. Thus, regression analysis was performed for cohort 2, modelling age and USG against MAP-AUC-5-30, as described above.
Results
Cohort 1 included 71 dogs (48% male, 52% female) ( Table 1 ). The mean start time for recording invasive blood pressure was 30 min (95% CI 28-31) after the induction of anaesthesia, which was 10 min (95% CI 9-11) prior to the start of surgery. Of the 71 dogs, 35 (49%; 95% CI 37-61) developed hypotension during general anaesthesia (Table 1) . Of these, 34 (97%) developed hypotension within the standardised period; 19/35 hypotensive dogs required one increment, 11 dogs required two increments and 5 dogs required three increments of IV fluids to achieve a target MAP >60 mmHg.
Cohort 2 included 24 dogs (33% male, 67% female) ( Table 1 ). The mean start time for recording blood pressure was 24 min (95% CI 21-27) after the induction of anaesthesia and 7 min (95% CI [4] [5] [6] [7] [8] [9] prior to the start of surgery. A total of 17 (71%) dogs developed hypotension during general anaesthesia (Table 1) , all within the standardised period. Of these dogs, 7 required one increment, 7 required two increments and 3 required three increments of IV fluids to achieve a target MAP >60 mmHg.
A circle breathing system with a standard fresh gas flow of 2 L/min was used in 56/71 dogs (79%) in cohort 1 and 18/24 dogs (75%) in cohort 2. A Bain breathing system was used in the remaining 15 dogs (21%) and 6 dogs (25%) in cohorts 1 and 2, respectively (Table 1) .
For cohort 1, USG, PCV and TS data were not obtained for all dogs, because of haemolysis of some samples ( Table 2 ). There was no significant difference in PCV (P = 0.586, n = 58) and TS (P = 0.258, n = 58) between day 1 or day 2; USG was significantly higher on day 2 (P < 0.001, n = 35 paired values). The PCV, TS and USG data were available for 20 dogs in cohort 2 ( Table 2) .
Discussion
This study showed that the proportion of dogs with hypotension was at least as high as the hypothesised estimate of 40% and that the combination of age and USG best explained the cumulative MAP over the perioperative period. The USG appeared to be the most robust explanatory variable, being verified in the second cohort.
The intent of the study of the first, larger cohort was to explore associations and that of the second cohort was to verify the findings in a similar yet unique group. External validation is indicated in predictive modelling, where a regression model is derived from a cohort, and then its ability to predict outcomes in a separate, similar but often smaller, cohort is tested. [12] Our intent was not to develop a predictive model of MAP, but to explore its association with easily identifiable subject factors that the practitioner could recognise and perhaps manipulate. It was, however, thought important to verify the findings from the first cohort in a second cohort. Our combined findings from both cohorts support our conclusion of an association of MAP in the perioperative period with USG.
The negative association of USG with MAP indicates how hydration status may affect MAP. In the first cohort, the significant increase in USG between admission and the day of surgery suggests the development of dehydration in these dogs. [13] It is probable that voluntary water intake was inadequate during hospitalisation, resulting in reduced urinary water excretion in an attempt to preserve body water. Reduced water intake can be attributed to both the stress of an unusual environment and fasting. At least 70% of the total water intake is consumed just before, during and immediately after meals; [14] thus, overnight fasting could contribute to dehydration. [15] Typically, small decreases in body water associated with subclinical dehydration would not be expected to affect blood volume significantly. However, when combined with drug-induced vasodilation and increased vascular volume, it is possible that even small decreases in total body water could contribute to reduced blood volume and thus blood pressure. [16] The proportion of dogs with hypotension in cohort 1 was similar to that reported in several previous studies [2, 5, 10 ] of anaesthetised dogs. Two studies report lower frequencies of 7%1 and 22%. [4] Factors such as different definitions of hypotension used, [6] the utilisation of non-invasive methods for measuring MAP [1] and variability in anaesthetic drugs and patient characteristics such as ASA scores may have contributed to the discrepancies between studies. Gaynor et al. defined hypotension as systolic arterial blood pressure <80 mmHg measured using the Doppler technique, [1] which could have resulted in its overestimation [17] and thus underestimation of the frequency of hypotension. In our study, MAP was measured invasively in all dogs to minimise inaccurate estimation of the proportion of dogs with hypotension. [18, 19] We also attempted to reduce variability by using a cohort of young healthy dogs undergoing an elective procedure using a standardised anaesthetic protocol.
Despite standardisation of the anaesthetic and surgical procedure, a much greater proportion of dogs in cohort 2 developed hypotension compared with cohort 1. Investigation of the differences between the two cohorts revealed that the age of dogs in cohort 2 was significantly lower than in cohort 1.
Furthermore, although age showed a strong association with MAP in the cohort 1, a similar association was not verified in cohort 2. It is possible the significantly younger age combined with a smaller spread of ages in cohort 2 prevented such an association from being detected. An association between age and blood pressure is consistent with reports of higher frequency of anaesthesia-related hypotension in younger dogs, [5] children [20] and foals [21, 22] compared with older subjects. Studies in conscious dogs also report lower MAP in younger (<12 months) dogs compared with older (>12 months) dogs, [23, 24] with a mean MAP of 79.2 mmHg reported in 6-month-old dogs and a mean MAP of 92.9 mmHg in dogs aged 12-24 months. [23] These findings could be caused by age-related changes in cardiovascular function. Sympathetic nervous system activity is immature in young dogs (21-40 days old), but improves as the animal ages. [25] Cardiac contractility, thus cardiac function, is also reported to increase in dogs from 3 to 9 months of age. [26] Reduced cardiac function may exacerbate the cardiovascular effects of sedatives and anaesthetic agents, resulting in lower blood pressures during anaesthesia in younger animals compared with older animals. Our study did not include geriatric dogs and thus the relationship between blood pressure and age in a much older cohort of dogs may differ from that observed in our study.
Study limitations
Several aspects of this study should be acknowledged. First, invasive measurement of blood pressure in our study commenced after the dogs were moved into the operating room, so no data were obtained in the preparation room, which could have resulted in underestimation of the frequency or duration of hypotension. Furthermore, all dogs with MAP <60 mmHg for ≥10 min were treated with increased rates of IV fluid administration, which should increase MAP over time. Although this may have reduced the ability to detect associations between MAP and the explanatory variables, it is more likely that it would have underestimated the importance of variables such as age and USG.
The missing data for some variables could affect the association between these variables and perioperative MAP. In cohort 1, the inclusion of data for six dogs from day 1 allowed us to maximise the number of dogs in the analysis and is, if anything, likely to have biased the result away from our hypotheses. Although there was no difference in the PCV or TS values between day 1 and day 2, USG was significantly lower on day 1. Thus, the influence of USG on MAP may have been underestimated.
In our study, the calculation of AUC allowed for a global assessment of the MAP across time and created one response variable that allowed exploration using association analysis (regression). This avoids finding spurious results at multiple, individual, arbitrary time points, a consequence of increased type I error. The MAP-AUC assessed the cumulative MAP over the common time period of −10 to 40 min (cohort 1) and −5 to 30 min (cohort 2), which allowed standardised comparison across males and females. Sex was included in the initial regression analysis to account for any differences that the procedures (stimulus, open abdomen) might have on the MAP, but no association was found.
It was also considered that this period likely represented the time in which MAP would be more likely to be influenced by subject factors and not factors related to effects of prolonged anaesthesia such as decreasing body temperature and increasing evaporative water losses from the pulmonary system [27] and peritoneum (females only). [28] It is also important to note that, of the dogs that developed hypotension, all developed hypotension at least once during this standardised period; therefore, data collected after the standard period would likely not add much information.
Lastly, this study was designed to assess subject factors that could influence measured blood pressure when anaesthesia was maintained at an appropriate clinical depth for the desexing procedure being undertaken. The dose of isoflurane required in each animal was not determined in this study because end-tidal agent monitoring was not available. As a circle breathing system was used in most dogs, we acknowledge that the inspired concentration of isoflurane may be slightly lower than the vaporiser setting in those cases. Thus we cannot rule out the possibility that the administered dose of isoflurane also influenced the measured blood pressure. The results of our study show that regardless of the dose of isoflurane required, when anaesthesia is maintained at an appropriate depth, USG was the subject factor that had the strongest association with the measured MAP.
Conclusion
The high proportion of young dogs with hypotension in this study supports the routine use of blood pressure monitoring in young, healthy dogs. Of the subject factors assessed in this study, USG was verified in both cohorts to be associated with the cumulative MAP, suggesting that subclinical dehydration that occurs because of fasting and hospitalisation could increase the sensitivity of such dogs to the effects of anaesthetic agents on the cardiovascular system. b Calculated from 10 min before to 40 min after start of surgery (MAP-AUC-10-40) for cohort 1 and from 5 min before to 30 min after start of surgery (MAP-AUC-5-30) for cohort 2. Table 2 . Means (95% confidence interval) of urine specific gravity (USG), packed cell volume (PCV) and total solids (TS) in two cohorts of young, healthy dogs undergoing elective desexing
